Gamma-ray bursts from rotating black holes are powerful sources of gravitational radiation in the high-frequency range of LIGO and Virgo. They are predicted to produce an energy E gw ≃ 0.2M ⊙ (η/0.1)(M H /7M ⊙ ) in gravitational waves at a quadrupole frequency f gw ≃ 500Hz(η/0.1)(7M ⊙ /M H ). Here, η denotes the ratio of the angular velocities of the torus and the black hole of mass M H . These bursts are contemporaneous with the GRB, lasting for tens of seconds and occur perhaps once a year within a distance D = 100Mpc. Collectively, they should contribute 6 × 10 −9 to the spectral closure density around 250Hz in the stochastic background radiation in gravitational waves, which may be detected by correlating colocated detectors in a one-year integration period. We propose correlating two detectors for searches of GRBs as nearby point sources. Searches by correlation of the two LIGO-Hanford detectors at their current sensitivity would enable placing an upper bound around 150M ⊙ on the black hole mass in GRB030329. Detection of the associated radio supernova provides a distance estimate, conceivably associated with weak wide-angle gamma-ray emissions similar to that observed in the nearby event GRB980425/SN1998bw. Detection of these emissions provides a method for identifying Kerr black holes in the Universe.
Introduction
Gravitational wave detectors LIGO (Abramovici et al. 1992) and Virgo (Bradaschia et al. 1992) , are broad-band detectors, most sensitive in 20-1000 Hz. They introduce new opportunities for probing strongly-gravitating astrophysical sources and the stochastic background radiation in gravitational waves -see (Cutler & Thorne 2002) for a recent overview. Notable candidates for burst sources of gravitational radiation are binary coalescence of neutron stars and black holes (Narayan, Piran & Shemi 1991; Phinney 1991) , newborn neutron stars (Ferrari et al. 2003) , and gamma-ray bursts: long bursts associated with supernovae (van Putten 2001; Meszaros 2002; van Putten & Levinson 2003 ) and short bursts, conceivably associated with black hole-neutron star coalescence. Collectively, these astrophysical sources may contribute appreciably to the stochastic background in gravitational waves.
The events GRB980425/SN1998bw (Galama et al. 1998 ) and GRB030329 (Hjorth et al. 2003; Stanek et al. 2003) demonstrate that long GRBs are associated with Type Ic supernovae. This provides considerable support for GRBs as core-collapse events in massive stars in binaries (Woosley 1993; Paczynski 1998; Brown et al. 2000) , and hence an association with star-forming regions. A correlation of the current flux-limited sample of 33 GRBs with individually measured redshifts with the cosmic star formation rate shows a true-to-observed GRB event rate of 450 (van Putten & Regimbau 2003) , which is very similar to the beaming factor of 500 obtained from a subsample of GRBs with achromatic breaks in their light curves (Frail et al. 2001) . The true GRB-event rate is hereby about one per year within a distance of 100Mpc. The associated supernova and late-time GRB-afterglows may present wide-angle optical and radio emissions as orphan transients to nearby events. Because the event rate of GRB980425/SN1998bw is consistent with the true GRB-event rate, nearby events are conceivably detectable by extremely weak but non-vanishing GRB emissions at large viewing angles.
Here, we report on signal-to-noise ratios for gravitational radiation from GRBs from rotating black holes in matched filtering and in correlating two detectors, both in targeting GRBs as nearby point sources and in their contribution to the stochastic background radiation.
GRBs from rotating black holes are predicted to produce an energetic output in gravitational waves from black hole-spin energy with energy output and frequency
emitted by a non-axisymmetric torus surrounding the black hole. Here, we measure energy in units of M ⊙ = 4 × 10 54 erg, and η denotes the ratio of the angular velocity of the torus to that of the black hole of mass M H , which represents the efficiency of converting black hole-spin energy into radiation by the torus. Because the system is relativistically compact, most of the torus output is in gravitational radiation by multipole mass-moments. We have attributed the long-durations to the secular lifetime of rapid spin of the black hole; most of the black hole-spin energy is dissipated in the event horizon. These emissions should be band limited, changing about 10% during the emission of the first 50% of its energy output. This change mirrors a decrease of 10% in the angular velocity of a maximally-spinning black hole in converting 50% of its spin-energy.
To date, short GRBs appear to have featureless afterglow emissions, and these events are probably disconnected from star-forming regions. They may be produced by black holeneutron star-coalescence (Paczynski 1998) , possibly associated with hyperaccretion onto slowly-rotating black holes (van Putten 2001) . While the wave-form of binary inspiral is well-understood up to 3.5 post-Newtonian order (see Cutler & Thorne (2002) ), gravitational wave-emissions from the coalescence and merger of a neutron star onto a slowly-rotating black hole is highly uncertain. Depending on the black hole mass and spin, the neutron star may break up by tidal forces outside the innermost stable circular orbit, and subsequently form a torus which merges with the black hole. A torus formed from the debris of a neutron star outside the ISCO of a stellar mass black hole should be unstable. Quite generally, non-axisymmetries will develop by the Papaloizou-Pringle instability (Papaloizou & Pringle 1984) in tori of finite slenderness (van Putten 2003; van Putten & Levinson 2003) . In case of a massive torus formed from the debris of a neutron star, self-gravity may also excite nonaxisymmetric instabilities. Gravitational radiation emitted in the inspiral phase is about 0.2M ⊙ , followed by the emission of conceivably 0.1M ⊙ during the merger phase with the black hole. This suggests that short GRBs are potentially as energetic in their gravitational wave-emissions as long bursts.
Gravitational radiation associated with GRBs has been considered in other studies on core-collapse events (Nakamura & Fukugita 1989; Mönchmeyer et al. 1991; Bonnel & Pringle 1994; Davies et al. 2002; Fryer et al. 2002; Mineshige et al. 2002; Kobayashi & Meszaros 2002) in model-independent search strategies (Finn, Mohanty & Romano 1999; Modestino & Moleti 2002) . These studies focus on gravitational radiation produced by the release of gravitational binding energy during collapse and in accretion processes on a newly formed black hole (e.g, Fryer et al. (2001) ). We note that accretion flows are believed to be strongly turbulent, which may imply a broad spectrum of gravitational radiation. Forementioned studies on gravitational radiation in core-collapse of a massive star do not invoke the spin-energy of a newly formed black hole. They appear to indicate an energy output, which leaves a range of detectability by current ground based detectors of up to about 10Mpc. These events should therefore be considered independent of the GRB phenomenon, based on current estimates on the local GRB event rate. Currently published bounds on gravitational wave emissions from GRBs are provided by bar detectors (Tricarico et al. 2001; Astone et al. 2002) . These studies and results are important in identifying various detection strategies and channels for producing gravitational waves. We suggest that the design of optimal detection strategies for gravitational radiation from GRBs may be facilitated by a priori knowledge from a specific model.
In the presented studies, we describe a model for GRBs from rotating black holes which is consistent with (1) the durations and true energies in gamma-ray emissions from magnetized baryon-poor jets, (2) a true-to-observed GRB event rate of about 450, (3) an association to X-ray line-emissions and (4) non-spherical, possibly radio-loud Type Ic supernovae, based on which we predict band-limited gravitational wave line-emissions contemporaneous with the GRB according to the scaling relations (1).
In §2, we describe elements of current GRB-phenomenology. In §3, we summarize a theory of GRB-supernovae from rotating black holes. In §4, we discuss line-broadening in response to Lense-Thirring precession. A semi-analytical estimate is given of the contribution to the stochastic background in gravitational waves in §5. In §6, we present the dimensionless characteristic strain-amplitudes, and in §7 we calculate the signal-to-noise ratios in advanced LIGO and Virgo operations in various detection strategies. §8 introduces a proposed detection strategy for time-frequency trajectories of slowly varying line-emissions. We summarize our findings in §9.
Elements of GRB phenomenology
X-ray localization of GRBs by BeppoSax introduced the post-BATSE development of providing a sample of GRBs with individually measured redshifts (Table 1) . The recent HETE-II burst GRB 030329 has greatly enhanced our confidence in a GRB association to Type Ib/c supernovae, based on a similarity of its optical light curve and emissionlines to that of SN1998bw (Hjorth et al. 2003; Stanek et al. 2003) . Further evidence for this association is found in X-ray line-emissions in GRB011211 Reeves et al. (2001) . This observation supports a GRB event rate which is locked to the star-formation rate, and long GRBs from core-collapse in evolved massive stars (Woosley 1993; Paczynski 1998; Brown et al. 2000) . This is consistent with recent statistical correlations over a boad range of redshifts (Scheafer et al. 2001 ). It appears that Type Ib/c SNe occur only in spiral galaxies (Cappellaro et al. 1997) .
The discovery of achromatic breaks in the light curves of some of these GRBs allowed the determination of the true GRB-energies of about 3 × 10 50 erg, upon correcting the isotropic equivalent emissions by an observed beaming factor of about 500 (Frail et al. 2001) . The redshift distribution of the flux-limited sample of 33 GRBs, locked to the SFR, allows us to estimate the unseen-to-observed GRB rate as about 450 for standard but anisotropic emissions -see Fig. 1 (van Putten & Regimbau 2003) . This result is very similar to the observed beaming factor of 500. With the ratio 450 of the unseen-to-observed GRBs, the true-but-unseen GRB event rate to about 0.5 × 10 6 per year or, equivalently, 1 per year within a distance of 100Mpc. This event rate is a lower bound on the rate of core-collapse of massive stars, since we may be seeing only those events that successfully create a GRB.
The relatively narrow distribution of GRB-energies around 3 × 10 50 erg is indicative of a standard energy reservoir (Frail et al. 2001 ). The anticorrelation between the observed opening angle and redshift ( Fig. 2 ) points towards wide-angle GRB emissions which are extremely weak, as in GRB980425. Given that the event rate of GRB980425 at D = 34Mpc is roughly consistent with 1 per year within D = 100Mpc, these wide-angle emissions may also be standard. Thus, we are led to consider strongly anisoptric GRB emissions in response to outflow in two directions along the rotational axis of the progenitor star, accompanied by extremely weak GRB emissions in all directions (see further Eichler & Levinson (1999) ; Zhang & Meszaros (2002) ; Rossi et al. (2002) ). In this regard, GRB980425 (E γ,iso ≃ 10 48 erg, z = 0.0085) is not anomolous, and GRB030329 (E γ ≃ 3 × 10 49 erg, z = 0.167) is intermediate (Price et al. 2003) . GRBs may be geometrically standard, in that this anisotropy is similar in its angular distribution in all sources. In this event, the inferred beaming factor depends on redshift, i.e., is a function of the flux-limit in the sample at hand. Current GRB samples with individually measured redshifts, including that of Frail et al.(2001) , are dominated by sources with redshifts around unity.
Recent detection of linear polarization GRB021206 provides evidence of synchrotron radiation in magnetized outflows, which may indicate large-scale magnetic fields of or produced by the inner engine (Coburn & Boggs 2003) . Afterglow emissions to GRB030329 include optical emissions (Price et al. 2003) with intraday deviations from powerlaw behavior (Uemura et al. 2003) , possibly reflecting an inhomogeneous circumburst medium or latent activity of the inner engine (Chevalier & Li 1999; Price et al. 2003 ).
Furthermore, Type Ib/c SNe tend to be radio-loud (Turatto 2003) , as in SN1990B (van Dyk et al. 1993 ). This includes GRB980425/SN1998bw (Kulkarni et al. 1998; Iwamoto 1999) as the brightest Type Ib/c radio SN at a very early stage (Weiler et al. 2001) . GRB030329 might also feature some radio emission associated with the associated SN2003dh (Willingale et al. 2003) . Radio emissions in these SNe are well described by optically thick (at early times) and optically thin (at late times) synchrotron radiation of shells expanding into a circumburst medium of stellar winds from the progenitor star (Li & Chevalier 1999) . All core-collapse SNe are strongly non-spherical (Höflich et al. 2001) , as in the Type II SN1987A (Höflich 1991) and in the Type Ic SN1998bw (Höflich et al. 1999) , based, in part, on polarization measurements and direct observations. Observed is a rotational symmetry with axis ratios of 2 to 3. This generally reflects the presence of rotation in the progenitor star and/or in the agent driving the explosion. Aforementioned X-ray line-emissions in GRB011211 may be excited by high-energy continuum emissions of much larger energies (Ghisellini et al. 2002) . For Type Ib/c supernovae association with a GRB, these considerations have led some to suggest the presence of new explosion mechanism ).
GRB-supernovae from rotating black holes
GRB-supernovae are believed to be produced in core-collapse of massive stars (Woosley 1993) , whose angular momentum most likely derives from orbital angular momentum during a common envelope stage (Paczynski 1998) . The common envelope stage must ensue only when the progenitor star is evolved (Brown et al. 2000) . Core-collapse in this scenario describes an initial implosion which produces an active nucleus consisting of a Kerr black hole surrounded by a magnetized torus, inside a remnant stellar envelope. It is followed by the ejection of the remnant stellar envelope by irradiation from within, produced by magnetic torus winds. The non-sphericity of this ejection process will generally be determined by the collimation radius of these magnetic torus winds. We attribute the continuum emissions for exciting the line-emissions in GRB011211 to radiation from these magnetic torus winds (van Putten 2003; van Putten & Levinson 2003) . The torus itself develops MeV temperatures in a state of suspended accretion (van Putten & Levinson 2003) . Fig. 3 and Fig. 4 illustrate the various radiation processes and energetics in this process.
A spin-connection in the MeV nucleus
A rotating black hole surrounded by a uniformly-magnetized torus, represented by two counter-oriented current rings, develops an equilibrium magnetic moment in its lowest energy state which preserves essentially uniform and maximal horizon flux. This result is a connection between the black hole and the inner face of the torus, introduced by an inner torus magnetosphere. This is accompanied by an outer torus magnetosphere supported by the outer face of the torus. There exists a separatrix between the inner and the outer torus magnetospheres (Fig. 5) .
The inner and the outer face of the torus interact with the black hole and, respectively, infinity. These two competing interactions introduce spin-up and spin-down of the inner and outer face of the torus, in a fashion which is similar to the spin-up and spin-down of pulsars when viewed in poloidal topology. This equivalence to pulsars establishes a causal spin-connection between the black hole and the torus (van Putten & Levinson 2003) . While most of the spin-energy is dissipated in the event horizon of the black hole, most of the black hole-luminosity is incident onto the inner face of the torus. The latter represent about 10% of the black hole-spin energy and is mostly reradiated into gravitational radiation by multipole mass moments in the torus. This process represents a catalytic conversion of black hole-spin energy, which lasts for the lifetime of rapid spin of the black hole. Contemporaneously, a minor output in spin-energy is radiated off in winds, thermal and MeV-neutrino emissions. The torus winds impact the remnant stellar envelope from within, ultimately leaving a supernova remnant around a black hole in a binary with an optical companion. A small fraction of black hole-spin energy is released, via baryon-poor outflows, in gamma-rays, i.e.: E γ ≃ 3 × 10 50 (Frail et al. 2001 ) represents a mere 0.01% of the rotational energy of a stellar mass black hole.
The nucleus is parametrized by the black hole-mass M H , angular momentum J H = aM H and electric charge q, where a/M H = sin λ denotes the specific angular momentum. Because all particles approaching the event horizon assume the angular velocity Ω H = tan(λ/2)/2M H , there is a magnetic moment µ H = qa aligned with its axis of rotation (Carter 1968 ). In equilibrium with a surrounding torus magnetosphere of field-strength B, we have µ H ≃ 2BM H r 2 H , where r H = 2M H cos 2 (λ/2) denotes the radius of the event horizon (van Putten 2001). The torus receives input from the black hole via the connection to its spin-energy. Upon balance with various channels of radiation, the torus develops a state of suspended accretion at MeV temperatures. We may express the energies emitted as a fraction of black hole-spin energy. These fractional energies depend on the angular velocity η of the torus relative to that of the black hole, its slenderness δ in terms of one-half the ratio of major-tominor radius and its mass-fraction µ relative to M H . The strength of the poloidal magnetic field-energy is subject to the magnetic stability criterion (van Putten & Levinson 2003 )
(2)
Timescales and radiation energies
Theoretical predictions in the model of GRBs from rotating black holes can be compared with observations on durations and true GRB energies. We shall do so in dimensionless form, relative to the Newtonian timescale of orbiting matter and the rotational energy of a rapidly rotating Kerr black hole of mass 7M ⊙ .
The durations T 90 are given by the time of activity of the inner engine of the GRB (Piran & Sari 1998) . We propose to identify the lifetime of the inner engine with that timescale T s of rapid spin of the black hole, which is effectively set by the rate of dissipation of black holespin energy in the horizon. In response to forementioned stability criterion E B /E k < 1/15 on the surrounding torus, we have (van Putten & Levinson 2003)
This estimate is consistent with the redshift-corrected durations of tens of seconds of long gamma-ray bursts. This gives rise to the large parameter γ 0 = T s Ω T ,
The true energy in gamma-rays is attributed to baryon-poor energy outflow along an open magnetic flux tube along the axis of rotation of the black hole. As the torus develops MeV temperatures in the suspended accretion state, it supports a surrounding powerful baryon-rich wind with a mass-loss rate of about 10 30 g/s (van Putten & Levinson 2003) . We envision that these torus winds introduce a change in poloidal topology of the inner torus magnetosphere, upon moving the separatrix out to infinity. This creates an open magnetic flux-tube with finite horizon half-opening angle θ H . The open flux-tube forms an artery for a small fraction of black hole-spin energy, releasing magnetized baryon-poor outflows. For a canonical value ǫ ≃ 15% of the efficiency of conversion of kinetic energy-to-gamma rays, we have, based on van Putten & Levinson (2003) , a small parameter
Here, we attribute θ H to poloidal curvature in the inner torus magnetosphere, i.e., θ H ≃ M H /R. Explicitly, we have
consistent with the observed ratio E γ /E rot = 7 × 10 −5 for canonical values of M H = 7M ⊙ and assuming the black hole to be spinning rapidly (E rot = 0.29M H ).
The torus emits correlated energies in various channels, namely in gravitational radiation, torus winds and thermal and MeV-neutrino emissions. Their fractional energies, relative to the rotational energy of the black hole, satisfy (van Putten 2003; van Putten & Levinson 2003) 
These are the asymptotic results in the limit of strong viscosity (large α) and small slenderness (small δ), in case of a symmetric flux-distribution described by a fraction f w = 1/2 of open magnetic flux supported by the torus with connects to infinity. We remark that the strong viscosity limit satisfies η ∼ 1/(4α) in the limit as α becomes large. These results imply a torus temperature of about 2MeV, whereby the dominant emission is in MeV-neutrino emissions accompanied by subdominant thermal emissions.
The MeV nucleus is relativistically compact, whereby the dominant emission is in gravitational radiation, rather than electromagnetic radiation. Its compactness can be expressed in terms of 2π
Egw 0 f gw dE, which expressed the amount of rotational energy relative to the linear size of the system, which is invariant under rescaling of the mass of the black hole according the Kerr metric (Kerr 1963) . We have (van Putten (2001); van Putten & , updated with (7))
using the trigonometric expressions E rot = 2M H sin 2 (λ/4), Ω H = tan(λ/2)/2M H and 2πf gw = 2Ω T , produced by spin-down of an extreme Kerr black hole with sin λ = a/M H ≃ 1, where a denotes the specific angular momentum. Values γ 5 > 0.005 rigorously rule out radiation from a rapidly-spinning neutron star, using the upper bound of 0.005 for their spin-down emissions in gravitational radiation obtained from a Newtonian derivation for a sphere with uniform mass-density.
A link between gravitational radiation and electromagnetic winds
The asymptotic fractional energies (7) introduce a relationship between the frequency in quadrupole radiation f gw and the energy E w released in torus-winds, namely
where the nominal values correspond to η = 0.1. This suggests that we seek observational estimates on E w in order to constrain the expected frequency in gravitational radiation. We presently have at hand two tentative and model-dependent observational constraints on f gw .
First, we (van Putten & Levinson 2003) propose to associate the torus wind-energy with the energy in continuum radiation which excites the X-ray line emission in GRB 011211 (Reeves et al. 2001 ). This points towards E w ≃ 4 × 10 52 erg. Second, we recently developed a "magnetic-bomb" scenario to explain Type B relativistic jet events in the galactic microquasar GRS 1915+105 (Mirabel & Rodríguez 1994) , based on the present theory of the suspended accretion state around rotating black holes (Eikenberry & van Putten 2003) . This new scenario is consistent qualitatively and quantitatively with observations on the basis of energetics, timescales and spectral evolution. We find agreement with between the longdurations of 400-700 s of a 'clean' hard-dip state on the observed timescale of 500 s for the proposed suspended accretion state at keV temperatures. The X-ray disk emissions during Type B events indirectly reveal a torus radius larger than about 3 times the Schwarzschild radius of the black hole. The same relative geometry in the case of a compact torus, now at MeV temperatures formed in stellar collapse, would imply the nominal frequency of (9). We emphasize that a firm observational constraint on f gw awaits calorimetry on supernova remnants associated with GRBs.
Baryon loading in the magnetized baryon-poor jet
A small fraction of the black hole spin energy is channeled along the black hole rotation axis in the form of baryon-poor outflows along an open magnetic flux-tube, as input to the estimated GRB energies E γ = 3 × 10 50 erg of Frail et al. (2001) . The baryon content and the loading mechanism of these jets (and essentially of GRB fireballs in any model) is yet an open issue. In one scenario proposed recently (Levinson & Eichler 2003) baryon loading is accomplished through pickup of neutrons diffusing into the initially baryon-free jet from the hot, baryon-rich matter surrounding it. The free neutrons are produced in the hot torus that maintains temperatures of the order of a few MeV, and stream with the baryon-rich wind emanating from the torus to a radius of ∼ 10 10 cm, above which they recombine with protons to form 4 He. The pickup process involves a collision avalanche inside the baryon-poor jet (BPJ), owing to the large optical depth for inelastic nuclear collisions contributed by the inwardly diffusing neutrons. The hadronic shower saturates quickly, giving rise to a viscous boundary layer at the outer edge of the BPJ where most of the pickups occur. This boundary layer has a moderate bulk Lorentz factor. The Lorentz factor of the BPJ core, where the baryon density is smaller is much larger initially. The picked-up neutrons in the hot boundary layer can remain free up to a radius of about 10 13 cm where they recombine, and continue to diffuse into the BPJ core as the BPJ expands. This leads to further collisions in the BPJ core with highly-relativistic baryons coming from below. The total number of picked-up neutrons is estimated to be ∼ 10 49.5 , although it depends somewhat on the outflow parameters. The asymptotic bulk Lorentz factor of the BPJ is established in this model at rather large radii (∼ 10 12 cm) after neutron pickup is completed, and lies in the range between a few hundreds to a few thousands. The expected variation of the Lorentz factor across the BPJ should give rise to orientation effects that need to be assessed yet. The inelastic nuclear collisions inside the BPJ lead to efficient emission of very high-energy neutrinos (energies well above 1 TeV) with a very hard spectrum. The neutrino fluxes predicted are high enough to be detected by the upcoming km 3 neutrino detectors, even for a source at a redshift of 1.
Line-broadening from Lense-Thirring precession
Quadrupole emissions in gravitational radiation emitted by the torus, possibly accompanied by emissions from higher-order multipole mass-moments, represent a line, which changes on the secular timescale of the change in black hole-spin. This line will broaden, when the torus precesses. Lense-Thirring precession Lense & Thirring (1918) ; Wilkins (1972) describes the effect of frame-dragging on a torus whose angular velocity vector is misaligned with the spin-axis of the black hole. Lense-Thirring precession is well-known in a different context, as a possible mechanism for QPOs in X-ray binaries (Stella 1999) as well as in black hole-neutron star binaries (Apostolatos et al. 1994) . A torus which is misaligned with the spin-axis of the black hole precesses with essentially the frame-dragging angular velocity described by the Kerr metric. This is accompanied by precession of the black hole, by conservation of angular momentum. Quite generally, the angular momentum of the torus is much less than that of the black hole, whereby the wobbling angle of the black hole is relatively small and can be neglected.
Precession of the orientation of the torus modulates its cosine with the line-of-sight. The observed strain-amplitudes are hereby phase-modulated. Phase-modulation of gravitational radiation from an intrinsic quadrupole moment introduces line-broadening. For small phase-modulations, this is manifest in phase-coherent side-bands, which are separated from twice the orbital frequency by the frequency of Lense-Thirring precession. The origin of a misaligned torus may result from misaligned spin-up of the progenitor star, prior to core-collapse, when the progenitor star is itself misaligned with the orbital plane of the binary.
In Boyer-Lindquist coordinates, we have to leading order the Lense-Thirring angular frequency Ω LT ≃ 2J H /R 3 for a black hole angular momentum J H = M 2 sin λ in terms of the mass M and the specific angular momentum sin λ = a/M. Given the angular velocity Ω H = tan(λ/2)/2M of the black hole and the angular velocity Ω T ≃ M 1/2 R −3/2 of the torus, we have
in terms of the ratio η = Ω T /Ω H of the angular velocities of the torus to that of the black hole. We expect nominal values η ∼ 0.1 (van Putten & Levinson 2003) , so that Ω LT is about 10% of Ω T , or, equivalently, about 1% of Ω H .
Line-broadening from phase-modulation
An intrinsic mass-inhomogeneity m in a torus introduces a luminosity of gravitational radiation according to L gw = (32/5)(M/R) 5 (m/M) 2 , where M ≃ M(m/M) 3/5 denotes the chirp mass. The gravitational radiation thus produced is anisotropic. For each of the two polarizations, we have
where ι denotes the angle between the angular momentum and the the line-of-sight. Precession of the torus introduces a time-varying angle ι, which modulates the strain amplitudes h + and h − at the observer. Given a mean angle ι 0 of the angular momentum of the torus to the line-of-sight and a wobbling angle θ, the time-dependent angle ι(t) of the same satisfies cos ι(t) = sin ι 0 sin θ cos(ω LT t) + cos ι 0 cos θ.
Substitution of cos ι(t) into (11) produces phase-modulation. Fig. 6 illustrates the resulting observed strain-amplitudes for various values of ι 0 . We may linearize phase-modulation in the case of θ << ι 0 , whereby h + = h
and h (1)
The ratio of the line-strengths of the side-bands to that of the carrier at 2Ω T in terms of the ratio of the respective strain-amplitudes satisfies K ≃ θ 1 + cos 2 ι 0 1 + 6 cos 2 ι 0 + cos 4 ι 0
where we used Ω LT << 2Ω T . Averaged over all angles ι 0 , we haveK ≃ θ/2. Thus, a wobbling angle of about 30 o typically produces side-bands of relative strength 20% (taking together h + and h × in each side-band).
The above shows that Lense-Thirring precession, if present, may introduce line-broadening by up to 5%.
The same precession introduces time-harmonic modulation of the two principal projections of the torus onto the celestial sphere, one at once and one at twice the precession frequency. The strength of the two low-frequency lines defines the decay time of the misalignment of the torus. These lines are extremely small, in view of their low-frequencies, allowing Lense-Thirring to persist for timescales at least as long as the durations of long GRBs.
Stochastic background radiation from GRBs
We may calculate the contribution of GRBs from rotating black holes to the stochastic background in gravitational waves, for a distribution which is locked to the star-formation rate. Below is a semi-analytic summation of the sources, similar but not identical to the numerical summation in (Coward et al. 2002) , and includes a correction to the amplitudes reported therein.
The spectral energy density dE gw /df of a single point source is a redshift-independent distribution, in view of Einstein's adiabatic relationship E gw /f =const. The observed energy E gw (f, z) at an observed frequency f of a source at redshift z hereby satisfies E gw (f, z)
. At redshift zero, gravitons emitted by a source at redshift z are distributed over a surface area 4πd 2 L (z), where d L (z) denotes the luminosity area. This gives rise to a spectral energy-density, or equivalently, a flux per unit area at the observer, satisfyingF s (f, z) = E ′ gw /4πd 2 L (z). Given a star-formation rate R SF (z) as measured in the local rest frame per unit of comoving volume V at redshift z, the GRB event rate R as seen by the observer satisfies dR(z)/dz = n GRB (1+z) −1 (R SF (z)/R SF (0))(dV /dz), whereṅ GRB denotes the GRB rate-density at z = 0. The result contributes to the spectral energy density, i.e., flux per unit area to the stochastic background in gravitons byF
The quantity Σ(z) = (1/4πd 2 L (z))(R SF (z)/R SF (0))(dV /dz) is observable, representing a count-rate per unit of redshift and luminosity surface area (inferred with reference to a set of standard candles). Here, d L (z) = (1 + z)r in terms of a spherical radius r. Considering a closed universe of matter and vacuum energy, Ω M +Ω Λ = 1, we have the transformation rules dV /dz = 4πr 2 /E(z, Ω Λ ) and 
reflecting that it is an observable. It follows that
represents an observed flux (count-rate per unit area) evolved per unit of surface area and time at z = 0, ab initio proportional to the star-formation rate as measured in the local rest frame of an Einstein-de Sitter universe per unit of comoving volume. The reader is referred to (Ferrari et al. 1999) and (Phinney 2001) for related expressions.
In the present case, we may use the comoving star-formation density (Madau & Pozzeti 2000 
with Hubble constant h 73 and Heaviside function U(·). We shall further use the estimated GRB event rate of 250 yr −1 Gpc −3 , which includes a beaming factor of 500 (Frail et al. 2001; van Putten & Regimbau 2003) .
The expression (17) can be evaluated semi-analytically, by noting that the gravitational wave-emissions are effectively band limited to a relative bandwidth B = ∆f /f gw,s on the order of 10% around (1). Substitution u = 1 + z in (17) gives the equivalent
The function f B (x) = f B (x, M 1 , M 2 ) displays a broad maximum of order unity, reflecting the cosmological distribution z ≃ 0 − 1, preceded by a steep rise reflecting the cosmological distribution at high redshift, and followed by a tail x −2 reflecting a broad distribution of mass at z ≃ 0 ( Fig. 4 in Coward et al. (2002) ). The broad maximum arises because the luminosity factor 1/d 2 L (z) in energy flux effectively cancels against dV /dz in this region. In contrast, the spectral strain amplitude ∝ 1/d L (z) is subdominant at low redshift, giving rise to a sharp peak ( Fig. 6 in Coward et al. (2002) ) produced by the source population at intermediate redshifts z ≃ 1. Because E ′ gw ∝ M 2 H , these peaks are dominated by high-mass sources, and, for the spectral strain amplitude, at about one-fourth the characteristic frequency of f 0 .
We may average (20) 
wheref S (x) = f S (x)/maxf S (·), f S (x) = f B (x)/x 2 . Likewise, we have for the spectral closure densityΩ B (f ) = fF B (f )/ρ c c 3 relative to the closure density ρ c = 3H 2 0 /8πG
wheref
. This shows a simple scaling relation for the extremal value of the spectral closure density in its dependency on the model parameter η.
The location of the maximum scales inversely with f 0 , in view of x = f /f 0 . The spectral closure density hereby becomes completely determined by the SFR, the fractional GRB rate thereof, η, and the black hole-mass distribution. Fig. 7 shows the various distributions. The extremal value of Ω B (f ) is in the neighborhood of the location of maximal sensitivity of LIGO and Virgo (see Fig. 8 ).
Dimensionless characteristic strain amplitudes
The strain-amplitude for a band-limited signal is commonly expressed in terms of the dimensionless characteristic strain-amplitude of its Fourier transform. For a signal with small relative bandwidth B << 1, we have (adapted from Flannagan & Hughes (1998) )
which may be re-expressed as
upon ignoring dependence on redshift z. Note that h char is independent of η. The signal-tonoise ratio as an expectation value over random orientation of the source is
where h n = h rms / √ 5, and h rms = f S h (f ) in terms of the spectral noise-energy density S h (f ) of the detector. The factor 1/5 refers to averaging over all orientations of the source (Flannagan & Hughes 1998) . In light of the band-limited signal at hand, we shall consider a plot of h char B/5
(28) versus f gw,s according to the dependence on black hole-mass given in (18), using a canonical value η = 0.1. The instantaneous spectral strain-amplitude h follows by dividing h char by the square root of the number of 2π−wave periods N ≃ f gw,s T 90 ≃ 2γ 0 according to (4). It follows that
Signal-to-noise ratios
GRBs from rotating black holes produce emissions in the shot-noise region of LIGO and VIRGO, where the noise strain-energy density satisfies S 1/2 h (f ) ∝ f . We will discuss the signal-to-noise ratios in various techniques. We discuss matched filtering as a theoretical upper bound on the achievable signal-to-noise ratios. We discuss the signal-to-noise ratios in correlating two detectors both for searches for burst sources and for searches for the stochastic background in gravitational radiation.
The S/N-ratio of detections using matched filtering with accurate wave-form templates is given by the ratio of strain amplitudes of the signal to that of the detector noise. Including averaging over all orientations of the source, we have (Flannagan & Hughes 1998; Cutler & Thorne 2002) 
Here, we may neglect the redshift for distances on the order of 100Mpc. Consequently, for matched filtering this gives
The expression (31) shows a strong dependence on black hole-mass. For a uniformly distributed mass-distribution, the we have the expectation value S/N = 18 for an average over the black hole-mass distribution M H = 4 − 14 × M ⊙ as observed in galactic soft X-ray transients; we have S/N = 7 for a narrower mass-distribution M H = 5 −8 ×M ⊙ . The cumulative event rate for the resulting strain-limited sample satisfiesṄ (S/N > s) ∝ s −3 .
The signal-to-noise ratio (31) in matched filtering is of great theoretical significance, in defining an upper bound in single-detector operations. Fig. 8 shows the characteristic strain-amplitude of the gravitational wave-signals produced by GRBs from rotating black holes, for a range M = 4 − 14 × M ⊙ of black hole masses and a range η = 0.1 − 0.15 in the ratio of the angular velocities of the torus to the black hole. The ratio of the characteristic strain-amplitude of a particular event to the strain-noise amplitude of the detector (at the same frequency) represents the signal-to-noise ratio in matched filtering. We have included the design sensitivity curves of initial LIGO and Virgo, and Advanced LIGO and Cryogenic Virgo. The Virgo sensitivity curve is a current evaluation, to be validated in the coming months, during the commissioning phase of Virgo.
Evidently, matched filtering requires detailed knowledge of the wave-form through accurate source modeling. The magnetohydrodynamical evolution of the torus in the suspended accretion state has some uncertainties, such as the accompanying accretion flow onto the torus from an extended disk. These uncertainties may become apparent in the gravitational wave-spectrum over long durations. (Similar uncertainties apply to models for gravitational radiation in accretion flows.) For this reason, it becomes of interest to consider methods which circumvent the need for exact wave-forms.
In the suspended accretion state, the gravitational wave-spectrum is band limited by about 10%, corresponding to spin-down of a rapidly black hole during conversion of 50% of its spin-energy. We may exploit a band limited signal by correlating two detectors in narrow-band mode. Except for the choice of frequency, this is a model-independent method which circumvents the need for creating wave-templates in matched filtering. An optimal choice of the central frequency in narrow-band mode is given by the expectation value of the frequency of gravitational radiation in the ensemble of GRBs from rotating black holes. This optimal choice corresponds to the most likely value of M H and η in our model. As indicated, present estimates indicate an optimal frequency within 0.5 to 1kHz. (A good expectation value awaits calorimetry on GRB associated supernova remnants.) A single burst produces a spectral closure density Ω s , satisfying T 90 Ω s = 2E ′ gw f gw /3H 2 0 d 2 in geometrical units. The signal-to-noise ratio obtained in correlating two detector signals over an integration period T satisfies (Allen & Romano 1999) 
This may be integrated over the bandwidth ∆f gw << f gw , whereby The S/N-ratios of (31) and (34) may be used to derive upper bounds on black hole masses in GRBs, by defining a "no-detection" to correspond to a signal-to-noise ratio of 3 (or less). This is illustrated in Fig. 9 .
Given the proximity of the extremal value of Ω B (f ) in (24) and the location of maximal sensitivity of LIGO and Virgo, we consider correlating two colocated detectors for searches for the contribution of GRBs to the stochastic background in gravitational waves. According to (32) and (24) 
Here, the coefficient reduces to 2.2 for a mass-distribution M H = 5 − 8M ⊙ . The estimate (35) reveals an appreciable dependence on η.
A detection algorithm for time-frequency trajectories
The proposed gravitational wave-emissions produced by GRBs from rotating black holes are characterized by emission lines which evolve slowly in time. In this two-timing behavior, the Newtonian timescale T K on the order of milliseconds serves as the short timescale, and the timescale T s of evolution of black hole-spin on the order of tens of seconds serves as the long timescale. In order to circumvent exact wave-form analysis, it becomes of interest to perform Fourier transforms on an intermediate timescale, for which the spectrum is approximately monochromatic. Furthermore, as mentioned in the previous section, we may consider applying correlation techniques. In what follows, we consider the output of the two colocated Hanford detectors, with output
where h(t) denotes the strain amplitude of the source at the detector and n i (t) the strainnoise amplitude of H1 and H2.
We may take advantage of the two distinct timescales involved, by considering the timeevolution of the spectrum evaluated over the intermediate timescale τ , satisfying T K << τ << T s . We may choose τ as follows. Consider the phase Φ(t) = ωt + (1/2)ǫωt 2 of a line of slowly-varying frequencyΦ(t) = ω(1 + (1/2)ǫt), where B = ǫT s ≃ 0.1 denotes the change in frequency over the duration T s of the burst. For a duration τ , this phase evolution is essentially that of a stationary frequency, provided that (1/2)ωǫτ 2 << 2π, or τ /T s << 2/BN ≃ 1/30.
Upon partitioning the duration T s of the burst into time intervals I n = [(n−1)τ, nτ ], we may consider the discrete evolution of the spectrum of the signal in each such interval, by taking successive Fourier transforms of the s i (t) over each I n . The two spectras i (m, n), where m denotes the m−th Fourier coefficient, can be correlated according to c(m, n) =s 1 (m, n)s * 2 (m, n) +s * 1 (m, n)s 2 (m, n).
The signal h(t) contributes to a correlation between the s i (t), and hence to non-negative values c mn . In general, the presence of noise introduces values of c mn which are both positive and negative. Negative values of c mn only appear in response to (uncorrelated) noise. A plot of positive values c mn , therefore, will display the evolution of the spectrum of the signal. For example, we may plot all values of c mn which are greater than a certain positive number, e.g., those for which c mn > 0.3×max mn c mn . This results are illustrated in Fig. 10 .
It will be appreciated that the proposed TFT-algorithm is of intermediate order, partly first-order in light of the Fourier transform, and partly second-order in light of the correlation between the Fourier coefficients of the two detector signals. Consequently, its detection sensitivity is between matched filtering and direct correlation in the time-domain, as discussed in the previous section. The gain in signal-to-noise ratio obtain in taking Fourier transforms over sub-windows may circumvent the need for narrow-band operation, allowing use of the two Hanford detectors in their current broad-band configuration. It is not inconceivable, that similar correlation of Fourier coefficients from colocated detectors may also enhance sensitivity in searches for the contribution of GRBs to the stochastic background in gravitational waves.
Conclusions
We consider signal-to-noise ratios for the predicted emissions in gravitational radiation produced by GRBs from rotating black holes. These represent powerful burst sources for LIGO and Virgo in the frequency range above a few hundred Hz, described by the scaling relations (1), and the "big blue bar" in Fig. 8 . Based on a beaming factor of 500 (Frail et al. 2001 ) and a ratio 450 of unseen-to-observed events in standard sources with anisotropic gamma-ray emissions, the true event rate is estimated to be once per year within a distance of 100Mpc. Collectively, these events contribute a spectral energy-density Ω B ≃ 6 × 10 −9 to the stochastic background in gravitational waves, which peaks around 250Hz.
Our model for GRBs from rotating black holes is based on a suspended accretion state at MeV temperatures. It predicts timescales and energetics of GRB emissions and provides a new mechanism for an accompanying supernova. These model predictions are based on first principles and some assumptions (such as the successful creation of an open magnetic fluxtube, and typical values of parameters). These predictions are consistent with observations, as expressed through the dimensionless parameters for durations (γ 0 ) and the true energy in gamma rays (γ 1 ) from magnetized baryon-poor outflows, as well as the energy output in magnetic winds (γ 3 ) as input to continuum radiation, powering an associated non-spherical supernova with X-ray line-emissions. We are not aware of other models for GRB inner engines which provide similar quantitative agreement with a broad range of GRB phenomenology.
We have calculated the signal-to-noise ratios for the gravitational wave-emissions with fractional energies γ 2 in various detection methods. Estimates are presented for matched filtering, as well as narrow-and broad-band correlation techniques for nearby point sources. For the contribution of GRBs to the stochastic background radiation in gravitational waves, estimates are given for broad-band correlation between two colocated detectors.
For nearby point sources, matched filtering provides a theoretical upper bound in detector sensitivity using a single-detector (which can be in broad-or narrow-band mode). We propose to exploit the predicted narrow-band emissions by correlating two detectors in narrow-band mode, to circumvent the need for exact wave-forms in matched filtering. In either case, the position on the sky can be determined using time-of-arrival analysis at three of the LIGO and Virgo interferometers at different locations. Recall further that enhanced sensitivity in narrow-band mode enhances the detection rate considerably, by increase in sensitivity volume beyond the loss of event rates due to frequency selection. Burst sources may also be searched for using the proposed TFT-algorithm, whose sensitivity is intermediate between matched filtering and time-domain correlation techniques. This technique takes advantage of the anticipated secular timescale in the evolution of the line-frequencies, and may be used in the correlation of two detectors in broad-band mode. The stochastic background radiation from GRBs can be searched for by correlation between the two colocated LIGO detectors at Hanford. Direct correlation in the time-domain gives an expected S/N=5 in broad-band mode over a one-year integration period. Conceivably, correlation in the Fourier domain allows an improved performance. We note that, after instrumental line-removal, spurious correlations between the two Hanford detectors are considered less likely in the high-frequency range than in the low frequency range.
At current LIGO sensitivity, we may derive upper bounds to black hole-masses in nearby GRB events, by defining a no-detection to correspond to a signal-to-noise ratio of less than 3 in either matched filtering or correlating two detectors in broad-or narrow-band mode. If performed, this procedure would allow an upper bound of about 150M ⊙ to be put on the mass of the black hole in GRB030229, at current LIGO Hanford sensitivity levels in broad-band mode. We note that published bounds on strain-amplitudes from burst events based on bar detectors apply only to the very highest frequencies predicted by our model. Furthermore, the range of sensitivity implied by these limits corresponds to volume with negligible GRB event rates (given the estimated true GRB rate of 1 per year within 100Mpc).
The burst in gravitational radiation is expected to be contemporaneous with the GRB emissions, extending from the time-of-onset of the GRB, or earlier on the time-scale of seconds during which the baryon-poor outflows punched through the remnant stellar envelope , to the end of the GRB. Nearby GRBs are conceivably observable through their weak wide-angle emissions, similar to GRB980425 (Eichler & Levinson 1999) . Up to days thereafter, there may appear as radio supernova, representing the ejection of the remnant stellar envelope by the magnetic torus winds. Months thereafter, wide-angle radio afterglows may appear Paczynski 2001) . Ultimately, these events leave a supernova remnant surrounding a black hole in a binary with an optical companion (a soft X-ray transient in the scenario of Brown et al. (2000) ). Thus, long GRBs provide a unique opportunity for integrating LIGO and Virgo detections with current astronomical observations.
There has been a long-standing interest in gravitational wave-burst detections coincident with GRBs (Finn, Mohanty & Romano 1999; Modestino & Moleti 2002) . If GRB emissions are conical, then coincident GRB-GWB events are unlikely even with Advanced LIGO sensitivity, since the typical distances of observed GRBs are then a factor of about 8 further away than their unseen counterparts. In this event, we should search for events which are non-coincident with GRBs. However, there is increasing belief that GRB emissions are not conical. Instead, their emissions may be geometrically standard with strong anisotropy, which includes extremely weak GRB emissions extending over all angles (Eichler & Levinson 1999; Rossi et al. 2002; Zhang & Meszaros 2002; van Putten & Regimbau 2003) . If so, GRB980425/SN1998bw is not anomalous, and we may search for coincidences with such apparently weak GRBs. At the same time, we may consider searches for the associated supernova, using upcoming all-sky surveys such as Pan-STARRS (Kudritzki 2003) . The prediction of very similar time-of-onset of the burst in gravitational radiation, weak wideangle GRB emissions and a radio supernova provides an important observational test for our model.
Detection of the accompanying supernova allows us to establish the source distance, and hence the energy emitted by a nearby GRB in gravitational radiation. This gives rise to a relativistic compactness parameter γ 5 ≃ 2πE gw f gw , which is predicted to be about 3 × 10 −3 (η/0.1) 2 in units of c 5 /G. A sufficiently high value rigorously rules out rapidly rotating neutron stars. Ultimately, detection of of the proposed source of gravitational radiation provides a method for identifying Kerr black holes in the Universe, and for determining their mass-range in GRBs.
by Caltech and MIT with funding from NSF under cooperative agreement PHY 9210038. The LIGO Laboratory operates under cooperative agreement PHY-0107417. This paper has been assigned LIGO document number LIGO-P030041-00-D. c Photon luminosities in s −1 derived from the measured redshifts and observed gamma-ray fluxes for the cosmological model described in §2 d Opening angles θ j in the GRB-emissions refer to the sample listed in Table I of Frail et al.(2001) . GRB 991216 is not included, given uncertainty in its redshift. * Extrapolated to the BATSE energy range 50 -300 keV using the formula given in Appendix B of Sethi et Bhargavi (2001) FIGURE 3. Cartoon of the proposed model for GRB-supernovae from rotating black holes (not to scale): core-collapse in an evolved massive star produces an active nucleus consisting of a rotating black hole (Woosley 1993; Brown et al. 2000) surrounded by a torus which may be magnetized with the magnetic field of the progenitor star (Paczynski 1998) . The torus assumes a state of suspended accretion, wherein it catalyzes black hole-spin energy at an efficiency given by the ratio η = Ω T /Ω H of the angular velocity Ω T of the torus and Ω H of the black hole. Because the nucleus is relativistically compact, the torus radiates this input predominantly into gravitational radiation, and, to a lesser degree, into magnetic winds and MeV-neutrino emissions. The magnetic winds irradiate the remnant stellar envelope (the remains of a massive He-core) from within, thereby producing a non-spherical, possibly radio-loud supernova, accompanied by X-ray line-emissions when the envelope has expanded sufficiently to becoming optically thin. A small fraction of black hole-spin energy is released in baryon-poor jets along open magnetic flux-tubes along the rotational axis of the black hole as input to the GRB-afterglow emissions. As these jets punch through the remnant stellar envelope (MacFadyen & Woosley 1999) , the GRB may be delayed , and thereby appear after the onset of gravitational wave-emissions. A radiation-energy diagram for GRB-supernovae from rotating black holes. Most of the rotational energy is dissipated in the event horizon of the black hole, and its dissipation rate sets the lifetime of rapid spin of the black hole. Most of the black hole luminosity is incident onto the inner face of the torus for reprocessing into various channels, including gravitational radiation, magnetic winds, thermal and MeV-neutrino emissions. Direct measurement of the energy and frequency emitted in gravitational radiation by the upcoming gravitational wave-experiments provides a calorimetric compactness test for Kerr black holes (dark connections). Channels for calorimetry on the torus winds are indicated below the dashed line, which are incomplete or unknown. They provide in principle a method for constraining the angular velocity of the torus and its frequency of gravitational radiation. This is exemplified by tracing back between torus winds and their remnants (dark connections). As the remnant envelope expands, it reaches optical depth of unity and releases the accumulated radiation from within. This continuum emission may account for the excitation of X-ray line emissions seen in GRB 011211, which indicates a torus wind energy of a few times 10 52 erg. Matter ejecta ultimately leave remnants in the host molecular cloud, which remain to be identified. Torus winds may further deposit a fraction of their mass onto the companion star Brown et al. (2000) , thereby providing a chemical enrichment in a remnant soft X-ray transient. (Reprinted from M.H.P.M. van Putten & A. Levinson, 2003, ApJ, 584, 937.) FIGURE 5. A causal spin-connection between the torus and the event horizon of the black hole arises by equivalence to the connection between pulsars and asymptotic infinity, when viewed in poloidal topology. The inner face of the torus (angular velocity Ω + ) and the black hole (angular velocity Ω H ) herein corresponds to a pulsar surrounded by infinity with relative angular velocity Ω H − Ω + (Mach's principle). It hereby receives energy and angular momentum from the black hole, whenever Ω H − Ω + > 0. The outer face of the torus (angular velocity Ω − ) is equivalent to a pulsar with angular velocity Ω − , and it looses energy and angular momentum by the same equivalence. This spin-connection is established by an approximately uniformly magnetized torus, represented by two counter-oriented current rings, and, for rapidly rotating black holes, an equilibrium magnetic moment of the horizon. In poloidal topology, the magnetic flux-surfaces are illustrated in the approximation of flat space-time. The dashed line is the separatrix between the flux-surfaces of the inner and the outer magnetospheres. (Reprinted from M.H.P.M. van Putten & A. Levinson, 2003, ApJ, 584, 937) FIGURE 6. The observed strain-amplitudes h + and h × are subject to amplitude modulation by varying orientation of the torus relative to the line-of-sight, in response to Lense-Thirring precession. This introduces side-bands about the carrier frequency 2Ω T , where Ω T denotes the angular velocity of the torus. These side-bands are separated from the carrier frequency by once (in both h + and h × ) and twice (in h + ) the Lense-Thirring frequency. Shown are the strain-amplitudes for the case of ι 0 = 0, π/8, π/4, π/2 for a wobbling angle of 30 o and a Lense-Thirring precession frequency of 1/8 of the orbital frequency. The amplitude corresponds to a source at unit distance, and the index refers to the number of orbital periods. Punturo (1999) ) are shown with lines removed, including various narrow-band modes of Advanced LIGO (dot-dashed), where S h (f ) is the spectral energy-density of the dimensionless strain-noise of the detector. Short GRBs from binary black hole-neutron star coalescence may produce similar energies distributed over a broad bandwidth, ranging from low frequencies during inspiral up to 1kHz during the merger phase.
FIGURE 9. Shown are the achievable upper bounds on the mass of the black hole in GRB030329 (z = 0.167, T 90 =25 s) at current LIGO sensitivity (S 1/2 h = 4 × 10 −22 Hz −1/2 ), assuming a no-detection result in applications of matched filtering (solid), in correlating two detectors in narrow-band mode (dot-dashed), and in correlating two detectors in broad-band mode (dotted). The labels refer to signal-to-noise ratios 1,2 and 3. In broad-band mode, correlation between the two LIGO Hanford detectors at current sensitivity would permit placing an upper bound on the black hole mass in GRB030329 (D = 800Mpc) of about 150M ⊙ . FIGURE 10. GRBs from rotating black holes are expected to produce line-emissions in gravitational radiation which evolve slowly in time, on the timescale of spin-down of the black hole. This produces trajectories in the temporal evolution of the spectrum of the signal. We may search for these trajectories, by performing Fourier transforms over timewindows of intermediate size, during which the signal is approximately monochromatic. The results shown illustrate a slowly-evolving line-emission for a long burst, partitioned in N = 128 sub-windows of M = 256 data points, in the presence of noise with an instantaneous signal-to-noise ratio of 0.15. The left two windows show the absolute values of the Fourier coefficients, obtained from two simulated detectors with uncorrelated noise. The trajectory of a simulated slowly-evolving emission-line becomes apparent in the correlation between these two spectra (right window). The frequency scales with Fourier index i according to f = (i − 1)/τ (i = 1, · · · M/2 + 1), where τ denotes the time-period of the sub-window. 
